Fluctuations and repeated cyclic variations in mechanical loads or strains lead to the onset, subcritical growth, and eventual catastrophic failure of engineered materials ([@r1]). Deterioration of physical properties, structural integrity, and functional performance arising from this mechanical fatigue effect is a major consideration in the design of materials and components used in a wide spectrum of engineering applications including buildings, roads, bridges, and other civil infrastructure, aircraft, automotive parts, marine structures, pressure vessels, pipelines, and coatings used for thermomechanical protection. These considerations of mechanical fatigue have given rise to stringent guideline standards for the design and routine maintenance of human life-critical and safety-critical structures and components such as commercial passenger aircraft ([@r1], [@r2]). Practical implications of mechanical fatigue in daily life and its technological and economic consequences for industry and society have led to considerable scientific research over many decades into the mechanisms of cyclic deformation, fatigue crack initiation, subcritical flaw propagation, and final fracture in a wide variety of materials. These studies in engineering materials have demonstrated significantly more deleterious effects of cyclic loads on the creation and propagation of damage and cracking than those seen under sustained or monotonically varying loads or strains of the same maximum intensity imposed for the same duration of time (see, e.g., a comprehensive literature review of mechanisms, mechanics, and practical implications of fatigue in ref. [@r1]). Exacerbation of damage evolution in metal alloys under fluctuating loads stems from to-and-fro motion of defects which typically leads to the localization of deformation around preferential crystallographic orientations, shear planes and directions, free surfaces, and sites of stress concentrators. This process is aided by continual changes in the underlying material structure and substructure to promote cycle-by-cycle accumulation of fatigue damage which advances subcritically until catastrophic fracture occurs ([@r1]).

Mechanical fatigue of engineering components used in load-bearing structures and its consequences in the presence of elevated or low temperatures, corrosive environments, irradiation, thermal fluctuations, and residual stresses have been the primary focus of scientific studies for more than a century ([@r1]). With advances in microelectronics and microelectromechanical systems, thermal fatigue and mechanical fatigue of thin films and multilayered materials have also evolved as a subject of scientific investigation for material design, reliability prediction, and analysis of the integrity of functional devices ([@r3]). More recently, numerous studies have identified the role of fatigue in influencing the structure, properties, and performance of natural and synthetic biomaterials as, for example, in the case of mineralized human tissues such as cortical bone and dentin ([@r4]), orthopedic ([@r1]) and dental implants ([@r5]), synthetic heart valves ([@r6]), and hydrogels ([@r7]) used in tissue engineering, personal care, and medicine.

Biological cells, such as human red blood cells (RBCs), undergo significant cyclic deformation through large elastic stretching and relaxation as they squeeze through and traverse microvasculature and other size-limiting pathways to perform their biological function of oxygen transport during their typical lifespan of 120 d in the human body. Some medical devices such as synthetic heart valves can serve as additional mechanical challenges exacerbating fatigue damage and hemolysis of RBCs in circulation ([@r8]). Prior work has reported indirect measurement of deformation using shear flow of a population of cells in a microchannel ([@r9]) and observations of a reduction in deformability in RBC membranes as a result of static shear stresses ([@r10], [@r11]). However, systematic studies of mechanical fatigue at the single-cell level and experimental evidence for the occurrence of cyclic loading effects in biological cells have not been reported to date. Investigation of these issues is particularly significant because many of the models and mechanisms to characterize the mechanical properties of engineered materials, which are known to be severely susceptible to damage and failure by fatigue, are also widely adapted with appropriate modifications to describe the complex and clinically relevant mechanical behavior of biological cells in health and disease ([@r12], [@r13]).

There is thus a need for scientific investigations into mechanical fatigue to address the following fundamental questions:

First, what is the effect of fluctuations in stresses or deformation of a healthy biological cell on its mechanical and physical characteristics, structural integrity, and performance, as a function of such factors as the maximum intensity, amplitude and rate of strain, frequency of cyclic deformation, number of cycles, and so on?

Second, is the effect seen specific to cyclic variations in deformation? In other words, to what extent does it occur, by comparison, under static, quasi-static, or monotonic variations in deformation at comparable levels of maximum "intensity" of strain or stress for comparable durations of time?

In order to address these questions systematically, we choose the human RBC for the single-cell investigation. RBCs are highly specialized cells that are well adapted for respiratory gas exchange in the cardiovascular system. Their unique membrane structure, which comprises a lipid bilayer and a 2D cytoskeleton made of spectrin networks ([@r14], [@r15]), contributes to the intrinsic resilience of RBCs to withstand shear stresses induced by blood flow and repeated deformation exerted by physical constraints from capillaries and interendothelial slits ([@r16]). The absence of a nucleus and of a complex 3D cytoskeleton in the disk-shaped RBC further facilitates relatively easier analyses of cyclic deformation. In addition, as RBCs travel through blood vessels with variable vascular resistance ([@r17]) they are subjected to intermittent stresses and cyclic strains. During their lifespan, RBCs gradually lose their mechanical integrity ([@r18]), and senescent RBCs are eventually removed by splenic filtration ([@r16]). How the RBCs lose their mechanical integrity solely in response to cyclic deformation during their normal biological function is, therefore, a topic of considerable scientific and clinical interest. In certain infectious diseases ([@r19], [@r20]) and inherited blood disorders ([@r21]), survival of affected RBCs is remarkably reduced due to the abnormalities in cell membranes and the attendant changes in cell properties, and mechanical fatigue could contribute further to the loss of deformability of diseased cells.

In this work, we employed a unique and general experimental technique to investigate whether mechanical fatigue effects occur in biological cells and to address the foregoing fundamental questions that identify any possible role of mechanical fatigue in influencing the properties of RBCs. Our method employs amplitude-modulated electrodeformation in conjunction with microfluidics ([@r22]) ([Fig. 1*A*](#fig01){ref-type="fig"}) and is capable of imposing on the single RBCs controlled static loads for prolonged periods of time or large numbers of cyclically varying mechanical strains.

![Fatigue testing of single RBCs using amplitude-modulated electrodeformation. (*A*) Experimental setup for real-time measurement of cell deformation in a microfluidic chip. Schematic shows the key components of the testing system, including the microfluidic device with interdigitated microelectrodes, signal generator for producing modulated sinusoidal carrier wave, and computer for data acquisition, analysis, and modeling. (*B*) Microscopic images of a representative RBC when the electric field (E-field) is ON and OFF. Dimensions of RBC are measured along *x* and *y* axes (*a* and *b*, respectively). (*C*) Microscopic images of cell deformation at 4 representative loading levels arising from applied voltages of 0.5, 0.8, 1.0, and 1.2 V as functions of loading cycles (*N* = 1, 50, 450, and 900). (Scale bars in *B* and *C*, 5 μm.)](pnas.1910336116fig01){#fig01}

A sinusoidal carrier wave with a frequency of 1.58 MHz is selected for easy cell immobilization by positive dielectrophoresis (DEP) and electrodeformation ([@r23]). See [*SI Appendix*, *Electro-Deformation Characterization of RBCs*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental) for a summary of the principles underlying electrodeformation loading of RBCs and for details of experimental methods and sample preparation. [*SI Appendix*, Fig. S1*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental) graphically shows the rationale for the choice of a frequency of 1.58 MHz for the current experiments. [*SI Appendix*, Fig. S1 *B*--*D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental) provide results of our parametric analysis of the effects of variations in cell membrane conductivity, cytoplasm permittivity, and cytoplasm conductivity, respectively, on the DEP response of RBCs. The freely suspended RBCs move toward the electrode edges by positive DEP and deform into a quasi-ellipsoid shape due to electrodeformation ([Fig. 1*B*](#fig01){ref-type="fig"}). Each RBC is individually tracked and analyzed.

Results {#s1}
=======

Morphological Characteristics of Fatigued RBCs. {#s2}
-----------------------------------------------

Cyclic tensile loading of constant amplitude was achieved by imposing a step-function voltage (rectangular waveform) to the carrier wave. The root-mean-square value of the voltage, which determines the peak load of the fatigue cycle, was fixed at 0.5, 0.8, 1.0, and 1.2 V. All of the voltage values reported in this paper refer to this root-mean-square voltage. Since the minimum voltage in the fully unloaded state is zero when the electrical input is fully turned off, the stress ratio or load ratio of the fatigue cycle, *R*, which is the ratio of the minimum to the maximum load (stress) of the fatigue cycle, is zero. A fixed time period of 4 s for cyclic loading and unloading, with 2 s for loading and 2 s for unloading, was used in the experiment ([Movie S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental)). The cyclic loading frequency is thus 0.25 Hz with a rectangular waveform.

During the loading phase, cells rapidly deformed and attained an equilibrium between electrodeformation force and the resultant membrane elastic force in a finite period of time. This time period for deformation stabilized within 0.6 ± 0.2 s in the first fatigue cycle and it increased up to 1.5 ± 0.3 s after about 900 fatigue cycles, for all of the voltage levels. The RBCs gradually relaxed to their stress-free states during unloading, with the typical characteristic time for relaxation being 0.16 ± 0.04 s in the first cycle. [Fig. 1*C*](#fig01){ref-type="fig"} shows the time sequences of microscopic images of 4 representative disk-shaped RBCs at the 4 voltages, for fatigue loading cycles *N* = 1, 50, 450, and 900. Regions highlighted in gray show cell shapes in the fully relaxed state and those in purple show the fully deformed state. Within the initial 50 cycles, cells were able to completely recover their initial disk shape upon unloading from the peak load. Permanent deformation in cell membranes started to occur only after about 450 fatigue cycles and continued for the remainder of cyclic loading. The extent of permanent deformation was higher at the higher voltages of 1.0 V and 1.2 V, as seen in [Fig. 1*C*](#fig01){ref-type="fig"}. Cell morphological change is quantified by the stretch ratio *S*~*R*~, which is the ratio of the major axis, *a*, to the minor axis, *b*, of the cell fitted by an ellipse. Evolution of *S*~*R*~ values of 4 representative RBCs deformed by 0.5, 0.8, 1.0, and 1.2 V are plotted as functions of time, respectively ([*SI Appendix*, Fig. S2 *A*--*D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental)). As seen in [*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental), the time required for cells to attain a plateau in maximum *S*~*R*~ and the time for full relaxation extend significantly into many cycles of fatigue loading. These findings suggest that the deleterious effects of cyclic loads on RBC membrane damage are manifested only after a critical number of cycles and that they accumulate over hundreds of fatigue cycles. Permanent damage in cell membranes is consistently observed when the voltage level is in excess of 0.5 V. The characteristic features of fatigue damage in RBC membranes include pronounced shape changes from a disk shape into elliptocyte, stomatocyte, or knizocyte-like shapes, as well as the development of single to multiple thorny projections on cell membranes ([*SI Appendix*, Fig. S2*E*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental)).

Degradation in Mechanical Properties of RBCs. {#s3}
---------------------------------------------

We characterized the mechanical properties of RBC membranes in response to different levels of shear stresses calibrated from different voltage values. Details of shear stress calibration can be found elsewhere ([@r23]). A brief description of our constitutive models for the viscoelastic deformation characteristics of RBCs and of the cell-membrane shear stresses is presented in [*SI Appendix*, *Constitutive Model for Viscoelastic Deformation of RBC Membranes*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental). The applied voltage was kept at no more than 2.0 V to prevent any possible membrane damage that may occur outside of mechanical fatigue. For this reason, the loading was kept below certain threshold levels: a threshold electrical field strength of 2.1 kV/cm ([@r24]) and mechanical stress on the membrane of 150 Pa ([@r25]). For an assumed membrane thickness of 10 nm, the corresponding values of RBC membrane shear stresses were calculated to be 1.19 ± 0.22 Pa, 1.87 ± 0.42 Pa, 2.85 ± 0.77 Pa, 4.78 ± 1.48 Pa, and 9.63 ± 3.21 Pa for the applied voltages of 0.8, 1.0, 1.2, 1.5, and 2.0 V, respectively.

The dynamic deformation of RBCs is characterized by the transient value of the principal extension/contraction ratio, *λ*(*t*), which is calculated by dividing the initial value of the minor axis, *b*~0~, by its transient value, *b*(*t*).[\*](#fn1){ref-type="fn"} [Fig. 2*A*](#fig02){ref-type="fig"} shows the instantaneous value of *λ* as a function of number of fatigue cycles, *N*, for a particular voltage of 1.0 V. Values of *λ* during the stretching phase and the relaxation phase can be fitted well with an exponential function, *λ* = *A* × exp(*B* × *t*) + *C*, for each cycle. We extract the maximum extension (*λ*~max~) and the minimum extension (*λ*~0~) in the fully stretched and fully relaxed states, respectively. The initial value of *λ*~max~ indicated by the vertical intercept $\left( {\overset{\sim}{\lambda}}_{\text{max}} \right)$ increases with the voltage level as a result of higher resulting stresses, with the best-fit linear regression, ${\overset{\sim}{\lambda}}_{\text{max}} = 0.53 \times V + 0.82$, with *R*^2^ = 0.96. Mean values of *λ*~max~ decrease from 1.36 for *N* = 1 to 1.32, 1.27, and 1.21 for *N* = 300, 600, and 900, respectively.

![Degradation of mechanical properties of RBCs under cyclic tensile loading of constant amplitude. (*A*) Instantaneous values of *λ* averaged from individually tracked cells (*n* = 20) in both stretching phase (gray region) and relaxation phase (white region) for *N* = 1, 300, 600, and 900 fatigue cycles at 1.0 V. Open circles represent experimental measurement and the solid curves represent exponential fit to the data. (*B*--*E*) Variation of the mean value of *λ*~max~, *ε*~*p*~, *μ*, and *η*, respectively, of RBCs with the number of fatigue loading cycles, *N,* for 5 different voltage levels of 0.8, 1.0, 1.2, 1.5, and 2.0 V (represented by the same set of symbols as shown in *E*). (*F*) Nonlinearity in membrane shear modulus, *μ,* plotted as a function of *λ*~max~ at *N* = 1. The solid lines represent the best fit linear regression lines. The dashed lines represent the best fit exponential curves. Error bars indicate standard error of the mean (SEM).](pnas.1910336116fig02){#fig02}

The value of *λ*~max~ strongly varies with the number of loading cycles for all stress levels. The best-fit linear regressions are *λ*~max~ = −8 × 10^−5^ × *N* + 1.25 with *R*^2^ = 0.90 for 0.8 V, *λ*~max~ = −2 × 10^−4^ × *N* + 1.37, with *R*^2^ = 0.99 for 1.0 V, *λ*~max~ = −2 × 10^−4^ × *N* + 1.38, with *R*^2^ = 0.85 for 1.2 V, *λ*~max~ = − 3 × 10^−4^ × *N* + 1.67, with *R*^2^ = 0.95 for 1.5 V~,~ and *λ*~max~ = −5 × 10^−4^ × *N* + 1.86 with *R*^2^ = 1.0 for 2.0 V, as shown in [Fig. 2*B*](#fig02){ref-type="fig"}. Additionally, the magnitude of the negative slope (*m*) of the lines decreases with increasing voltage, with the best-fit linear regression, *m* = 3 × 10^−4^ × *V* − 2 × 10^−4^, with *R*^2^ = 0.97. These results indicate that the rate of mechanical damage of the cell membrane is proportional to the intensity of cyclic deformation which, in turn, depends on the magnitude of voltage.

In order to quantify and compare the extent of fatigue damage arising among the different cases, permanent deformation in RBC membrane during fatigue was evaluated by the effective plastic strain, $\varepsilon_{\text{p}} = {\left( {{S_{R_{\text{min}}}\left( N \right) - 1}/{S_{R_{\text{min}}}\left( N \right)}} \right)/4}$, where $S_{R_{\text{min}}}$denotes the minimum stretch ratio in fully relaxed state. The mean value of *ε*~*p*~ is proportional to the number of loading cycles (*R*^2^ \> 0.9; [Fig. 2*C*](#fig02){ref-type="fig"}). The slope of the linear functions increases with the voltage level, suggesting that plastic strain accumulation occurs faster at higher voltage levels.

The viscoelastic characteristics of RBC membranes, including shear modulus and shear viscosity, vary significantly with the number of fatigue cycles ([Fig. 2 *D* and *E*](#fig02){ref-type="fig"}). For instance, at 1.2 V, the mean values of shear modulus increase from 3.82 µN/m in the first fatigue cycle to 9.58 µN/m for the 900th fatigue cycle. This is quantified with a linear regression analysis, *μ* = 5.7 × 10^−3^ × *N* + 4.4 with $R^{2} = 0.95$. In the first cycle, the shear modulus ranges from 3.2 ± 0.2 µN/m at 0.8 V to 6.4 ± 0.4 µN/m at 2.0 V. The nonlinear variation here of membrane shear modulus with the maximum extension ratio ([Fig. 2*F*](#fig02){ref-type="fig"}) is consistent with trends reported by previous studies for static deformation ([@r26], [@r27]). The mean value of membrane shear moduli measured at all voltage levels is 4.1 ± 1.4 µN/m, which is within the range of values in the literature, 1.8 to 11.3 µN/m, for healthy RBC membranes, from a number of independent studies that employ different experimental methods ([@r28][@r29]--[@r30]).

The membrane shear viscosity, *η*, was determined by multiplying the characteristic relaxation time, *t*~*c*~, and the membrane shear elastic modulus, *μ*. The ensuing values, *η* = 0.38 to 0.88 µN/m⋅s, fall within the range of results reported from other independent experiments, 0.3 to 2.8 µN/m⋅s ([@r29]), for healthy RBCs. It is evident that both shear modulus and shear viscosity increase as a result of mechanical fatigue. The rate of fatigue-induced stiffening also increases with applied voltage. The shear viscosity increases from 0.72 µN/m⋅s at *N* = 1 to 2.93 µN/m⋅s at *N* = 900. This change can be represented by an exponential function *η* = 0.68 × exp(1.7 × 10^−3^ × *N*) with $R^{2} = 0.98$. Note that shear modulus and shear viscosity values measured after 900 cycles of fatigue loading at the highest load level of 2.0 V were as high as to 14.7 µN/m and 6.95 µN/m⋅s, respectively. These values are much higher than the corresponding upper-bound values reported for healthy, unfatigued (but statically or monotonically deformed) RBCs ([@r29], [@r31]). This trend again suggests that mechanical fatigue leads to alterations in structure and properties, including the stiffening of the cell membrane, of healthy RBCs that are distinctly different from those induced by static or monotonic loads.

Values of $t_{\text{c}}$ are analyzed with an exponential fit to *λ*(*t*) during the relaxation phase (such as that shown in the nonshaded region of [Fig. 2*A*](#fig02){ref-type="fig"}). [*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental) shows the variation of *t*~*c*~ as a function of *N*, for 5 different voltage levels. For example, in the initial fatigue cycle for 1.0 V, *t*~*c*~ = 0.16 ± 0.04 s, which is consistent with the values of 0.1 to 0.3 s reported in the literature on the basis of independent experimental techniques ([@r31], [@r32]). However, no correlation was found between *t*~*c*~ and the level of the applied voltages. After a sufficient number of cycles at 1.0 V, *t*~*c*~ increases to 0.17 ± 0.06 s, 0.21 ± 0.07 s, 0.22 ± 0.08 s, 0.28 ± 0.08 s, and 0.34 ± 0.10 s for *N* = 150, 300, 450, 600, and 900, respectively. Such progressive change in cellular relaxation behavior reflects the accumulation of viscous damage in RBC membranes as a result of mechanical fatigue.

In an attempt to quantify the stress dependence of fatigue damage in RBC membranes, we explore the conditions surrounding a 5% reduction in *λ*~max~ and define a critical number of fatigue cycles, *N*~s~, required to achieve this level of change for different fatigue loading conditions. On the basis of this estimate, it is possible to develop a stress-life curve for the fatigue of RBCs, somewhat similar to the classical Wöhler curve in metal fatigue ([@r1]), which is shown in [*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental).

Effect of Static Tensile Loading. {#s4}
---------------------------------

In order to determine whether there exists a true mechanical fatigue effect in biological cells, we now consider static loading at a level of 1.2 V ([Movie S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental)). The applied shear stress for this fixed load is estimated to be 2.85 Pa for the assumed membrane thickness of 10 nm. [Fig. 3*A*](#fig03){ref-type="fig"} shows the deformation response of 2 representative RBCs for which the relative stretch ratio *S*~*R*~ is plotted as a function of time over which the voltage (load) is applied for 60 min. Each cell is stretched to a maximum *S*~R~ in a finite time and the initial elastic stretch from the sudden application of load persists for at least 10 min. Afterward, the *S*~*R*~ value decreases with time, indicating the stiffening process in RBC membranes due to the cumulative deleterious effect from sustained loading. This finding agrees with a previous study ([@r33]) that showed reduced deformability arising from sustained mechanical loads. Differences in the cellular behavior between these 2 cells likely arise from the normal heterogeneity in cell membranes. A small fraction of RBCs (30%) exhibited tank-treading motion after a certain period of time, which could be a manifestation of structural alteration in cell membranes as noted previously ([@r34]). This phenomenon is demonstrated by the time-dependent oscillations in *S*~*R*~ values after ∼12 min in cell \#2 ([Fig. 3*A*](#fig03){ref-type="fig"} and [Movie S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental)). In order to quantify the progressive change in the mechanical properties in RBC membranes during static loading, the preset parameters *µ*, *η*, and *ε*~*p*~ have been obtained by a brief (20-s) deactivation of the static loading at every 10-min interval in a separate experiment but in parallel with the 60-min static loading. [Fig. 3 *B*--*D*](#fig03){ref-type="fig"} show the values of *ε*~*p*~, *µ*, and *η*, respectively, averaged from 20 cells. Values of *µ* measured at *t* = 20 min are not significantly different from those measured at *t* = 10 min, while the values of *η* and *ε*~*p*~ are significantly higher (*P* \< 0.001). All 3 parameters further increase during subsequent time intervals (*P* \< 0.001). These results suggest, as anticipated, that static mechanical loading leads to changes in the characteristics of RBC membranes.

![Mechanical response of RBCs under static tensile loading. (*A*) Variation of relative stretch ratio as a function of time of 2 representative cells, \#1 and \#2, under the static loading at a constant voltage level of 1.2 V. (*B*--*D*) Values of *ε*~*p*~, *μ*, and *η* of cells (*n* = 20) measured at 10, 20, 30, 40, and 50 min, respectively. \*\*\**P* \< 0.001; n.s., nonsignificant. Note the results here for static loading at the voltage of 1.2 V for 50 min correspond approximately to that obtained for cyclic loading with only 25 min of accumulated loading time at 1.2 V for 750 fatigue cycles (at a frequency of 0.25 Hz).](pnas.1910336116fig03){#fig03}

We develop additional quantitative comparisons of static deformation of RBCs with mechanical fatigue by contrasting the results for 2 different frequencies of constant-amplitude cyclic loading (rectangular waveform): 1) a time period of loading which occurs over 2 s, immediately followed by unloading lasting 2 s (i.e., a cyclic frequency of 0.25 Hz) for 2 applied voltages of 1.2 V and 2.0 V and 2) loading over 10 s, immediately followed by unloading lasting 10 s (i.e., a cyclic frequency of 0.05 Hz), also for the same 2 applied voltages of 1.2 V and 2.0 V. The deterioration in maximum deformation is quantified by the normalized relative extension ratio, ${\lambda_{\text{max}}^{\ast} = \lambda_{\text{max}}}/\lambda_{\text{max},t = 0}$. This represents the ratio of the instantaneous value of the relative extension ratio, $\lambda_{\text{max}}$, of the RBC to that of the initial value of *λ*~max~ at time *t* = 0. [Fig. 4](#fig04){ref-type="fig"} shows the changes in $\lambda_{\text{max}}^{\ast}$ as a function of accumulated time under maximum load for static loading for the imposed voltages of 1.2 and 2 V in comparison to those under cyclic loading for the 2 frequencies with a rectangular waveform. This figure establishes that cyclic loading leads to a significantly greater reduction in the deformability of the cells than static loading. At the larger load, the lower-frequency cyclic loading (longer loading time) shows a relatively smaller loss in deformability (and a trend closer to that of the static loading case). The relative loss of deformability of RBCs under cyclic loading was as much as 11.9 ± 0.01% for 1.2 V and 21.7 ± 0.02% for 2 V, compared to the static loading case. The actual variation of *λ*~max~ as a function of time is shown in [*SI Appendix*, Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental).

![Reduction of maximum relative deformation of RBCs as a function of accumulated loading time under static loading and cyclic loading with a rectangular waveform: Normalized $\lambda_{max}^{\ast}$ of healthy cells under (*A*) 1.2 V static loading (*n* = 35, blue circles), 1. 2 V−2 s cyclic loading (*n* = 58, red circles), and 1. 2 V−10 s cyclic loading (*n* = 49, black circles) and (*B*) 2.0 V static loading (*n* = 27, blue circles), 2.0−2 s cyclic loading (*n* = 20, red circles), and 2.0 V−10 s cyclic loading (*n* = 40, black circles). Error bars indicate SEM. Similar results comparing maximum extension ratio along the axial direction of loading between static and cyclic loading cases are given in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental).](pnas.1910336116fig04){#fig04}

Effect of Loading Waveform on Mechanical Fatigue. {#s5}
-------------------------------------------------

As strain rate is an important variable, along with strain, for the characterization of viscoelastic behavior of cell membranes ([@r35], [@r36]), we examined the effect of waveform (for a fixed cyclic loading frequency of 0.25 Hz). For this purpose, we compared mechanical fatigue with a rectangular waveform to that with a half-wave rectified (HWR) sinusoidal waveform. This latter waveform was achieved by modulating the amplitude of the 1.58-MHz carrier wave, *V* = 1.2sin(*πt*/2), with the period of 4 s, which comprised a 2-s duration of loading time ([*SI Appendix*, Fig. S6*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental) and [Movie S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental)) and an equal time for unloading (with the voltage turned off) and relaxation. [*SI Appendix*, Fig. S6*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental) shows the instantaneous *S*~*R*~ values of RBC membranes, averaged from 22 measurements, as a function of time at fatigue loading cycles, *N* = 1, 300, 450, 600, and 900. We observed that cell membranes gradually deformed to a maximum *S*~*R*~ and then gradually relaxed to a minimum during each cycle. The 2-s relaxation interval was sufficient for deformed cell membranes to fully recover their shape before the next loading cycle.

Similar to the fatigue characteristics of cell membranes under rectangular-waveform cyclic loading, the maximum *S*~*R*~ values for the sinusoidal loading was found to decrease with the number of loading cycles while the minimum *S*~R~ increased along with the loading cycles ([*SI Appendix*, Fig. S6*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental)). The peaks of the *S*~*R*~ shifted and showed a greater hysteresis of membrane cyclic deformation with increasing fatigue cycles (marked by the dashed line in [*SI Appendix*, Fig. S6*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental)). The lag between the peak stress and peak deformation *S*~*R*~ increased approximately from 0 s at *N* = 1 to 0.13 s at *N* = 900, indicating an increase in viscosity of the cell membrane. To quantify the membrane viscosity, the characteristic time *t*~c~ was determined from the relaxation process when the external force was removed, using [*SI Appendix*, Eq. **9**](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental) similarly to that used to obtain [*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental). A significant rise in *t*~c~ was noticed, from 0.16 s to 0.43 s in ∼900 loading cycles.

[Fig. 5*A*](#fig05){ref-type="fig"} shows the stress--strain (*σ‒ε*) hysteresis loops of cell membranes. The maximum shear strain decreased gradually from 0.96 at *N* = 1 to 0.84, 0.74, 0.59, and 0.53 at *N* = 300, 450, 600, and 900, respectively. More importantly, we observed appreciable progressive change in the dissipated hysteresis energy *E*, determined from the enclosed area of the fatigue hysteresis loop. During the initial 300 loading cycles, the value of *E* remained approximately constant at 0.20 to 0.21 µJ/m^2^ and then gradually increased to 0.31 µJ/m^2^ for *N* = 450 before attaining a plateau value of ∼0.40 µJ/m^2^ between *N* = 600 and *N* = 900. Correlation between the dissipated energy *E* and the number of loading cycles was strong with *R*^2^ = 0.99, with the best-fit Boltzmann growth line given by the expression *E* = 0.4 to 0.2/(1 + exp((*N* − 445)/50)) µJ/m^2^. The total dissipated energy up to the inflection point (*N* = 445 cycles) was estimated to be 96 µJ/m^2^, which is on the order of the energy, 80 µJ/m^2^, required for dissociation between the phospholipid bilayer of the RBC membrane and its cytoskeletal comprising the spectrin network ([@r15]). The values of *ε*~*p*~, *µ*, and *η* for the HWR sinusoidal waveform loading were compared to those for the rectangular waveform loading ([Fig. 5 *B*‒*D*](#fig05){ref-type="fig"}). The membrane shear modulus is higher in the case of rectangular waveform loading than that for the sinusoidal amplitude loading. Here, the shear modulus for the former became significantly higher after 300 loading cycles (*P* \< 0.001). However, *η* is not significantly different between the 2 different waveforms (*P* \> 0.05 after 900 cycles). Furthermore, the evolution of permanent deformation, *ε*~*p*~, in cell membranes was significantly faster for the rectangular waveform than for the sinusoidal waveform (*P \<* 0.05 after 300 cycles).

![Effect of loading waveform on mechanical degradation of RBCs during constant-amplitude mechanical fatigue. (*A*) Stress--strain curves showing the hysteresis loops (shaded region enclosed by the loading and unloading curves) for the indicated number of fatigue cycles for the HWR sinusoidal waveform. Blue arrows indicate loading and unloading in each case. (*B*--*D*) Variation of of *ε*~*p*~, *μ*, and *η* as a function of the number of fatigue cycles, and comparisons of mechanical characteristics between the HWR sinusoidal loading and the rectangular step-function waveforms for the indicated fatigue cycles. Error bars indicate SEM. \*\**P* \< 0.01, \*\*\**P* \< 0.001; n.s., nonsignificant.](pnas.1910336116fig05){#fig05}

Discussion and Concluding Remarks {#s6}
=================================

In this work, we demonstrated a mechanical fatigue testing method for biological cells, using a microfluidics-based, amplitude-modulated, electrodeformation technique. The fatigue testing platform features multiple and unique advantages for the quantitative characterization of fatigue of single biological cells. The strengths of the method lie in its simplicity and flexibility to impose controlled mechanical loads (through positive DEP) at selected frequencies and waveforms, and its capability to probe a number of single cells over thousands of fatigue cycles. In this paper, we have presented results here that quantitatively establish the following results and mechanistic insights:

1\) Repeated cyclic loading of healthy human RBCs under well-controlled loads, cyclic frequency, and waveform leads to an intrinsic mechanical fatigue effect in the biological cell. Our experimental method provides a unique means of quantifying cyclic deformation characteristics along and transverse to the loading direction (in [*SI Appendix*, Figs. S8 and S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental) and here in the main text) and their implications for the properties and performance of RBCs.

2\) Mechanical fatigue of RBCs leads to a much more pronounced effect on the physical properties such as deformability, membrane shear modulus, and membrane viscosity than static loading of the same maximum voltage or load imposed on the cell for the same accumulated loading time.

3\) Mechanical fatigue leads to hysteresis and energy dissipation of a magnitude that could be sufficient to cause dissociation of the cell membrane from its cytoskeleton, and that permanent strains progressively accumulate with fatigue cycling. These results illustrate how continued mechanical fatigue can be detrimental to the structural integrity, and hence the biological function, of the RBC, beyond the damage induced by static loads.

4\) The values of membrane shear modulus, viscosity, and the characteristic time of relaxation extracted from our experiments at the commencement of fatigue loading are in the range of values reported in the literature for healthy, unfatigued RBCs, using a variety of independent experimental methods. We show systematically that with the progression of mechanical fatigue the membrane shear modulus increases, approaching values that are comparable to pathological RBCs structurally altered by disease states. For example, the increase in membrane shear modulus of the healthy RBC to about 15 µN/m solely as a result of mechanical fatigue within 1,000 fatigue cycles is roughly comparable in magnitude to the increase in membrane shear modulus of a ring-stage RBC after it is invaded by a *Plasmodium falciparum* malaria parasite ([@r20], [@r27]).

The conditions of fatigue loading in our in vitro microfluidic assay are constrained by the need to allow cells to fully relax from the deformed state after each fatigue cycle prior to the imposition of the next cycle. This somewhat limited the choice of the loading frequency. To ascertain that the cells were viable through the entire duration of the mechanical fatigue tests, we conducted a series of separate experiments to determine the viability of RBCs after 1 h of cyclic loading at 1.2 V at a frequency of 0.25 Hz with rectangular waveform. Standard cell viability assays (for details see [*SI Appendix*, *RBC Viability Assay*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental)) reveal that about 98% of the cells are still viable after mechanical fatigue testing.

Additional considerations of how the current in vitro results of mechanical fatigue connect to the much more complex in vivo conditions of cyclic straining are provided herein. The maximum (absolute) tensile strain within the RBC membrane (spectrin network) while the RBCs traverse the smallest capillaries was estimated to be on the order of 50% (corresponding to a local spectrin network stretch ratio of 1.7) ([@r37]). Note that these maximum tensile strain values are comparable to the average tensile strains obtained by optical tweezers experiments of healthy RBCs stretched uniaxially under a tensile force of 67 to 130 pN ([@r38], [@r39]). The extent of deformation induced by the electric field on the RBCs in our work is also comparable to the mechanical deformation imposed by optical tweezers under equivalent stretching forces ([@r40]). When RBCs circulate in larger blood vessels, they experience much less distortion and deformation. Considering that the maximum strain due to bending and total bending energy are both relatively much smaller compared to the in-plane strains and related strain energy due to stretch or shear \[in most cases influences from bending are negligible compared to stretch ([@r41], [@r42])\], we take the zero strain as the minimum RBC membrane strain during blood circulation.

Considering that the lung-to-lung circulation time of blood in healthy subjects is about 55 s ([@r43]), and that the average lifespan of a healthy RBC in the human body is about 120 d, we can estimate the total number of fatigue cycles that an RBC is subjected to is about 1.9 × 10^5^. This estimate of in vivo fatigue cycles is about 200 times greater than the maximum number of fatigue cycles of about 900 considered in our in vitro system, during the course of which significant fatigue damage is found to occur.

Such a comparison then raises the following question: How do RBCs perform their biological function of gas transport in vivo without being affected by the effects of mechanical fatigue that can occur in as few as 900 cycles (i.e., about 0.5% of their lifespan)? This apparent paradox is rationalized on the basis of the following considerations. First, the maximum DEP electric field in our experiments would load RBCs in such a way that it produces an average tensile strain similar to the maximum local strains RBCs experience when traversing the smallest capillaries. In other words, our testing conditions simulate beyond the most stringent mechanical constraint conditions in vivo that lead to the maximum local strains, and they do not simulate the typical average cyclic strain on the RBCs during their lifespan. In addition, in our experiments the RBCs are quickly shuffled between the 2 extreme situations (maximum tension and zero strain), while in vivo the RBCs take an average of about 55 s between the maximum mechanical challenge and many partially unloaded intermediate configurations. Second, there are many additional factors that contribute to the fatigue life of RBCs, including the type of deformation, stress/strain amplitudes, cyclic frequency, loading rate, cytoadherence between their external surfaces and the endothelial cells lining the blood vessels, and so on. These effects representing complex in vivo conditions are not fully captured in the in vitro experiments. Third, in our experiments we find that RBCs do not lyse even after 900 cycles simulating severe deformation conditions. It is likely that significantly greater numbers of mechanical fatigue are needed to lyse the RBCs.

As in our in vitro testing, RBCs are subjected to rigorously modulated loading conditions, including static and cyclic deformation at various stress levels. Our method thus provides an accelerated test for assessing fatigue failure in RBC membranes due to mechanical loading.

On the other hand, as assessed by the viability assay of RBCs subjected to 1 h (900 cycles) of loading, the viability of RBCs is very high, at 98 $\pm$ 2% (see the discussion on RBC viability in [*SI Appendix*, *RBC Viability Assay*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental)). Therefore, it is likely that the electric field does not contribute significantly to the difference between the in vivo and in vitro observations.

The system developed here is also amenable to conducting mechanical fatigue experiments in conjunction with cellular gaseous microenvironments ([@r44], [@r45]) to create realistic, multifaceted loading scenarios to relate in vitro fatigue characteristics to the in vivo behavior of RBCs subjected to repeated straining during blood circulation. A recently developed hypoxia assay for the study of sickle cell disease ([@r45], [@r46]) in a microfluidic system can be integrated into the current fatigue testing platform to measure the mechanical strength and residual life span of circulating RBCs in more physiologically appropriate conditions.

Methods {#s7}
=======

Experimental Setup. {#s8}
-------------------

The microfluidic chips for the fatigue test were made using a polydimethylsiloxane channel with 2 interdigitated electrodes coated on glass. More details are given in [*SI Appendix*, *Experimental Setup*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental).

Sample Preparation. {#s9}
-------------------

Blood samples from healthy donors were obtained with institutional review board approval from Florida Atlantic University. All blood samples used were deidentified prior to use in the study. More details are given in [*SI Appendix*, *Sample Preparation*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental).
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\*Note that *λ*(*t*) is defined here in terms of the instantaneous value of the contraction ratio in the transverse direction of tensile cyclic loading, *b*~0~/*b*(*t*), rather than as the axial extension ratio, *a*(*t*)/*a*~0~. This is because a small part of the deformed membrane along the tensile loading axis of axial dimension *a* is necessarily obstructed from view by the gold electrode when imaging the cell. This partial obstruction could lead to some error in the analysis of deformation if the latter definition of *λ*(*t*) along the axial direction had been invoked. In [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental), we demonstrate that the definition and choice of the instantaneous values of extension ratio based either on the axial extension ratio, *a*(*t*)/*a*~0~, or the corresponding transverse contraction ratio, *b*~0~/*b*(*t*), has absolutely no effect on the trends discovered here about the role of mechanical fatigue in influencing the behavior of RBCs. There are, however, some anticipated differences in the quantitative values of key parameters characterizing mechanical fatigue effects between the 2 related definitions of actual values of *λ*(*t*) because of the normal variations in cell response in this mutually orthogonal directions and the experimental scatter and errors in extracting axial and transverse dimensions during deformation from optical images. Because of the relatively greater accuracy of the former definition, *λ*(*t*) = *b*~0~/*b*(*t*), in the experimental measurements, all subsequent results on the principal extension ratio are presented in the paper, with this choice of definition. For completeness, we present all of the corresponding results obtained using the alternative definition of axial extension ratio, *a*(*t*)/*a*~0~, in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental) and demonstrate that none of the trends and conclusions reported here is unaffected by the particular choice of the definition of the extension ratio.

This article contains supporting information online at [www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910336116/-/DCSupplemental).

[^1]: Contributed by Subra Suresh, August 15, 2019 (sent for review June 17, 2019; reviewed by Guruswami Ravichandran and M. Taher A. Saif)

[^2]: Author contributions: M.D., S.S., and E.D. designed research; Y.Q. and J.L. performed research; Y.Q., J.L., M.D., S.S., and E.D. analyzed data; and Y.Q., M.D., S.S., and E.D. wrote the paper.

[^3]: Reviewers: G.R., California Institute of Technology; and M.T.A.S., University of Illinois at Urbana--Champaign.
